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Abstract
The chlorophyll (Chl)-containing membrane protein complexes from the green alga Scenedesmus obliquus have been isolated from the
thylakoid membranes by solubilization with dodecyl-β-maltoside and fractionation using a sucrose density gradient. The Chl-containing protein
fractions were characterized by absorption spectroscopy, tricine SDS PAGE, BN-PAGE, and dynamic light scattering (DLS). BN-PAGE showed
the presence of seven protein complexes with molecular weights in the range of 68, 118, 157, 320, 494, 828 and 955 kDa, respectively.
Furthermore, light scattering reveals the simultaneous presence of particles of different sizes in the 3–4 nm and 6.0–7.5 nm range, respectively.
The smaller size is related to the hydrodynamic radius of the trimer Light Harvesting Complex (LHCII), whereas the larger size is associated with
the presence of photosystem I and photosystem II reaction centers. Additionally, functional information regarding protein–protein interactions was
deconvoluted using coupling 2-D BN-PAGE, MALDI-TOF MS and a detailed mapping of S. obliquus photosynthetic proteome of the solubilized
thylakoid membranes is therefore presented.
© 2007 Elsevier B.V. All rights reserved.Keywords: Scenedesmus obliquus; Light scattering; Blue native; Molecular size; Membrane protein; Photosynthetic apparatus1. Introduction
Chloroplasts are highly specialized intracellular compart-
ments that accomplish complicated biochemical and biophysi-
cal functions such as the conversion of light into chemical
energy (ATP), the fixation of carbon dioxide, the reduction of
nitrite, and the synthesis of trioses, amino acids and lipids.
Many of these functions require the presence of multi-subunitAbbreviations: SDS PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; DLS, dynamic light scattering; DM, Dodecyl-β-maltoside; BN,
blue native; MALDI-TOF, matrix assisted laser desorption ionisation-time of
flight; LC-ESI, liquid chromatography electrospray ionisation; MS, mass
spectrometry
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doi:10.1016/j.bbamem.2007.04.028enzymes of distinct structures [1,2]. The oxygenic photosynth-
esis takes place in the thylakoid membranes of cyanobacteria,
green algae and higher plants; where protein complexes
[photosystem I (PSI), photosystem II (PSII), cytochrome b6/f
complex (Cyt. b6/f) and ATP-synthase] convert the light into
chemical energy. These four protein complexes are composed of
at least 70 different proteins [3].
Many methods exist for the determination of the molecular
size of thylakoid membrane protein complexes. Gel filtration is
a widely used method for the study of the homogeneity of
protein complexes; however calibration of gel filtration
columns with soluble proteins may lead to erroneous estimates
of the molecular masses of membrane proteins [4]. In addition,
this method is time consuming and requires large amounts of
protein and detergents. There are several reports about native
gel systems for the characterization of the chloroplast protein
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based on the solubilization of thylakoid membranes, in the
presence of low SDS concentrations (often in combination with
non-ionic detergents) which do not denature protein complexes.
SDS is a prerequisite for the separation of hydrophobic protein
complexes by gel electrophoresis, as this ionic detergent
introduces charge to the proteins. In contrast, the ‘blue-native
gel electrophoresis’ (BN-PAGE) is carried out in the absence of
ionic detergent. Instead, charge is introduced to proteins by
incubation with Coomassie-dyes prior to electrophoresis. BN-
PAGE was developed for the analysis of the respiratory protein
complexes of mitochondria taken from mammals and fungi [7].
The procedure was recently adapted for the separation and
characterization of the protein complexes obtained from plant
mitochondria and chloroplasts [8,9].
Dynamic light scattering (DLS) is a technique [10] used to
measure the translational diffusion coefficient (D) of a
macromolecule undergoing Brownian motion in solution.
Diffusion coefficients are determined by particle size, shape,
and flexibility, as well as, by inter-particle interactions.
Monochromatic light scattered by moving protein molecules
displays intensity fluctuations that vary according to their
motion. Therefore, an analysis of the light scattering signal
provides quantitative information about the behaviour of a
protein in solution. As additional advantages, a typical DLS
experiment is rapid, sensitive, quantitative, non-destructive and
requires a minimum amount of pure sample [11].
Unicellular green algae are similar to higher plants with
respect to many aspects of photosynthesis. For this reason,
different Scenedesmus strains have frequently been used as a
model organism for the study of photosynthesis. In this work,
we report the first detailed mapping of Scenedesmus obliquus
photosynthetic proteome by mass spectrometry of the thylakoid
membrane proteins after subfractionation of the solubilized
thylakoid membranes by sucrose density centrifugation in
combination with BN-PAGE and DLS.
2. Materials and methods
2.1. Organism, growth and illumination
Cultures of the unicellular green alga S. obliquus, wild type, strain D3 [12]
were grown autotrophically in liquid culture medium [13], in glass tubes (4 cmØ,
40 cm length), in a temperature-controlled water bath (30 °C), in front of a set of
white fluorescent lamps (photon fluence rate 100 μmol m−2 s−1; L-40W, Osram,
Munich, Germany), for 3 days in order to avoid self-shading effects in the
cultures. The cultures were continuously percolated with air for CO2 supply and
also to avoid sedimentation.
2.2. Isolation of thylakoid membranes
In order to isolate the thylakoid membranes [14], the algae cultures were
centrifuged for 5 min at 2041×g in 25 °C thereby collecting a suspension of the
cells which were mixed with glass beads (0.2 mm diameter) and broken five
times for 1 min (with an interval of 5 min between each run) in a cell mill
(Biospec, OK, USA). The homogenate was filtered through a sinter glass filter
funnel to remove the glass beads. The extract was centrifuged for 45 min at
8164×g in 4 °C and the supernatant was then discarded. The remaining pellet
consisted of two layers. The upper green layer was enriched in thylakoid
membranes and was transferred into phosphate-buffer (75 mM, pH=7.5). Thelower part of the precipitate contained mainly starch and was discarded. All
procedures were done under safe green light to avoid photooxidation of the
chlorophylls. The membrane fraction was stored at −80 °C until used.
2.3. Thylakoid membrane solubilization and fractionation
Buffer exchange was achieved by centrifugation of the membrane for 15 min
at 8000×g. The pellet (corresponding to 500 μg of chlorophyll) was taken up in
buffer containing 400 mM aminicaproic acid, 10% (w/v) glycerol, 50 mM Bis-
Tris pH=7.0, 0.5 mM EDTA, 1 mM PMSF and then solubilized using 2%
dodecyl-β-maltoside (DM) in different detergents/Chl ratios.
The samples were centrifuged at 15,000×g for 10 min to eliminate
unsolubilized material and then fractionated by ultracentrifugation on a 0.1–1 M
sucrose gradient containing 0.05% DM and 50 mM Bis-Tris, pH=7.0 (22 h at
280,000 g in 4 °C). The green bands of the sucrose gradient were collected.
2.4. Electrophoretic methods
2.4.1. Blue-native PAGE
The BN-PAGE was carried out as described by Schägger and von Jagow
[15]. Gels consisted of a separating gel (gradient of 4–13% acrylamide) and a
stacking gel (3% acrylamide) with gel dimensions: 19.5×16.5×0.15 cm.
Solubilized membrane proteins were mixed with a solution of 50 mM Bis-Tris,
pH=7, 500 mM aminocaproic acid, 30% sucrose and 5% Serva blue G250. The
ratio of Coomasie to detergents is 1 to 4. The gels were run at 10 °C.
Electrophoresis was started at 80 V until the entry of the protein sample into the
stacking gel was achieved. The electrophoresis was continued overnight at 150 V.
The experiment was stopped when the dye front had run off from the gel. The
high molecular weight calibration kit for native electrophoresis from Amersham
Biosciences was used for molecular weight estimation of the separated
complexes. The protein mixture contained thyroglobulin 669 kDa, ferritin
440 kDa, catalase 232 kDa, lactate dehydrogenase 140 kDa and albumin 66 kDa.
2.4.2. Tricine SDS-PAGE
Tricine SDS-PAGE was performed according to [15] using a self-built
system with 12% acrylamide gels (26×24×0.1 cm). Electrophoresis was
performed at room temperature, starting for 3 h at 75 V. The voltage was then
raised to 150 V overnight (max. 50 mA). Staining was carried out with 0.02%
Coomassie Brilliant Blue G-250 in 10% acetic acid or colloidal Coomassie
solution [16]. SDS-PAGE standards (Fluka Laboratories, USA) were used for
molecular weight estimation, these contained α-lactalbumin 14.2 kDa, trypsin
inhibitor 20 kDa, trypsinogen 24 kDa, carbonic anhydrase 29 kDa, glycer-
aldeyde-3-phosphate dehydrogenase 36 kDa, albumin from chicken eggs
45 kDa and albumin from bovine serum 67 kDa.
2.5. Spectroscopy
Absorption spectra were obtained using a SLM-Aminco DW-2000 spectro-
photometer at room temperature. Samples were incubated in a buffer containing
50 mMBis-Tris pH=7.0, 0.05%DM and 20% glycerol. Chlorophyll levels were
determined according to the method of Holden et al. [17]. Protein concentrations
were determined following Jones et al. [18] modification of the Bradford method
[19].
2.6. Fluorescence induction measurements
For the fluorescence induction measurements, the portable “Plant Efficiency
Analyser, PEA” (Hansatech Instruments Ltd; Kings Lynn, GB) operating at
1500 μmol of photons m−2 s−1, was used. Culture samples always had a volume
of 2 ml, approximately identical chlorophyll content and were collected before
harvesting of the culture. The thylakoid suspension was diluted to a final Chl
concentration of 15 μg/ml. All the samples were adapted in darkness for 15 min
before measuring. Subsequently, fluorescence curves were processed according
to the JIP-method of Strasser and Strasser [20]. This method is based on the
measurement of a fast fluorescence transient with a 10-μs resolution in a time
span of 40 μs to 5 s. Fluorescence was measured at a 12-bit resolution and
excited by 6 LEDs providing an intensity of 1500 μmol of photons m−2 s−1 of
Fig. 1. (A) Polyphasic OJIP-kinetics of Chl a fluorescence from cells (- - - -) and
isolated thylakoids (—). (B) Maximum quantum yield of PSII photochemistry
from whole cells and isolated thylakoids, expressed Fv/Fm.
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photosynthetic sample at a given physiological state.
2.7. Static and dynamic light scattering
The beam from a solid state diode laser (Coherent Model 2020), operating at
532 nm with vertically polarized light, was focused onto the sample cell through
a temperature-controlled chamber (temperature controlled to within ±0.01 °C)
filled with refractive-index-matching toluene. The incident and scattered beams
were polarized with Glan and Glan-Thompson polarizers having extinction
coefficients higher than 10−6 and 10−7 respectively. The sample solutions were
filtered through 0.45 μm filters (Millipore) directly into pre-cleaned light
scattering cells of highest quality. The light scattering process defines a wave
vector q=(4πn/λ) sin(θ/2), where λ is the wavelength of the incident light in a
vacuum, θ is the scattering angle, and n is the refractive index of the medium. In
this study, the full homodyne intensity autocorrelation function g(q,t) was
measured at room temperature, using a range of scattering angles between 15
and 150° with an ALV-5000 multi bit, multi-τ full digital correlator that covered
a broad dynamic range of about 10 decades [21].
2.8. In-gel protein digestion
In-gel protein digestion was performed according to the method of Tebbe et
al. [22]. Protein spots were manually excised in 1.5 mm gel pieces into filter
microtiter plates (Multiscreen Durapor MAHV N45, Millipore, Bedford, MA,
USA). By using filter microtiter plates, all incubation media could be separated
from the gel pieces by centrifugation and the eluate was collected in a microtiter
plate placed underneath.
After destaining [23], the gel pieces were washed with water prior to
proteolytic digestion. Gel pieces were shrunk with 50% acetonitrile and
rehydrated in 50 mM NH4HCO3. This treatment was repeated and followed by
the addition of 0.1 μg/spot modified trypsin (Promega, Madison, WI, USA).
Digestion was carried out overnight at 37 °C. The supernatant was collected and
combined with the eluates of the following three elution steps: firstly water, then
50% acetonitrile and finally 50% acetonitrile with 0.1% TFA. The combined
eluates were frozen in liquid nitrogen and dried in a SpeedVac centrifuge. To
remove remaining ammonium bicarbonate the pellet was resuspended in water,
frozen, and lyophilized. This procedure was repeated once.
2.9. Protein identification by MALDI-TOF MS
Each dried sample was finally dissolved in 10 μL of 33% acetonitrile with
0.1% TFA. Using Bruker's MAP pipetting robot, 0.5 μL of each sample was
automatically mixed with the same amount of a saturated α-cyano-4-hydroxy-
cinnamic acid in 40% acetonitrile with 0.1% TFA on a ground steel MALDI
target. MALDI-TOF-mass spectra were recorded automatically using a Reflex III
spectrometer (Bruker Daltonics) with an acceleration voltage of 20 kV. The
spectra were externally calibrated with an in-house optimized mixture of eight
peptides ranging from 1046.54 Da to 3494.65 Da. Spectra were automatically
annotated using the vendors Xmass program package, which returns mono-
isotopic masses. After a second recalibration step using an algorithm, based on
the concept of Zubarev et al. [24] that was implemented and developed further by
Bruker Daltonics, an average mass accuracy of 25 ppmwas obtained. The search
against the protein database of the chloroplast of S. obliquus (downloaded from
NCBI) and the protein database of Chlamydomonas reinhardtii (downloaded
from NCBI) was performed with the Biotools software (Bruker Daltonics)
integrating the locally installed MASCOT search engine (Matrix Science,
Wyndham Place, UK) [25]. Search parameters were: 2 missed cleavage sites,
±100 ppm tolerance (to account for reduced mass accuracy of larger peptides),
carbamidomethylation of cysteines as a fixed modification, and oxidation of
methionine and protein N-terminal acetylation as variable modifications. Results
are based on a ‘probability-based MOWSE score algorithm’.
2.10. Protein identification by LC-ESI-MS/MS
For nano LC-ESI-MS/MS the procedure described by Klein et al. [26], based
on the work of Gevaert et al. [27], was used with only minor modifications. Inbrief, dried protein digests were redissolved in 40 μL 5% (v/v) formic acid and
sonicated for 10 s and then subjected to nano-flow LC-ESI-MS/MS analysis.
The column setup was essentially that described by Meiring et al. [28]. RP-C18
material was used for both the trapping and nano-scale analytical column. For
the chromatography, a 90-min gradient from solvent A (0.5% v/v formic acid,
2% ACN in water) to solvent B (0.5% v/v formic acid, 80% ACN in water) was
applied. Throughout the analysis, 1.5 s MS acquisitions were followed by 6 s
MS/MS experiments in data dependent acquisition mode.
After nano LC-ESI-MS/MS, the CID-spectra obtained were converted to the
Mascot (Matrix Science, London, UK) [25] acceptable pkl format using
ProteinLynx software. These peaklists were used in protein identification from a
protein database of the chloroplast of S. obliquus (downloaded from NCBI) and
the protein database of C. reinhardtii (downloaded from NCBI). Search
parameters were: 2 missed cleavage sites, 1.00 Da peptide tolerance, 0.3 Da MS/
MS tolerance, carbamidomethylation of cysteines as a fixed modification, and
oxidation of methionine and protein N-terminal acetylation as variable
modifications. Results are based on a ‘probability-based MOWSE score
algorithm’.
3. Results
The aim of this work was to isolate and characterize discrete
and structurally intact Chl-containing protein complexes
directly from thylakoid membranes from S. obliquus using
mild detergent conditions. It is known that there is a severe loss
of stability of membrane proteins when detergents with an
octyl- or heptyl-chain are used [29]. In contrast long alkyl
chains are the mildest and preserve the membrane protein in a
“native” state [11,29]. DM proved to be a very suitable
detergent for the solubilization and stabilization of super-
complexes of thylakoid membrane proteins [30].
All the experimental procedures were carried out with
functional thylakoids having intact photosynthetic apparatus. In
order to check that the isolated membrane was photosyntheti-
caly active, polyphasic OJIP-kinetics of Chla fluorescence, as
well as, the maximum quantum yield of the photosynthetic
apparatus, from the isolated thylakoids were compared with the
corresponding values from the whole cells. Fig. 1 shows that the
isolated thylakoids remain active with a maximum quantum
yield similar to the corresponding value for the whole cells.
To determine the optimal detergent–protein ratio for the
solubilization of membrane protein complexes, isolated S.
Fig. 2. Blue Native electrophoresis of thylakoid membrane from Scenedesmus
obliquus. Thylakoid membranes were incubated for 30 min with DM. Lane 1
ratio of DM/Chl of 5; lane 2, ratio of 10; lane 3, ratio of 15; lane 4, ratio of 20;
lane 5, ratio of 40; lane 6, ratio of DM/protein of 0.8; lane 7 ratio of 2; lane 8,
ratio of 3.5. The gel was run according to the protocol given in Materials and
methods.
2274 K. Kantzilakis et al. / Biochimica et Biophysica Acta 1768 (2007) 2271–2279obliquus thylakoids were treated with different DM concentra-
tions and subsequently analyzed by 1-D BN-PAGE. Only
detergent/Chl ratios of 5 g/g, or below, allowed insufficient
solubilization of chloroplast protein complexes; whereas ratios
of 10 g/g or higher gave very good results. Therefore, all further
experiments were carried out using 15 g detergent per g Chl.
Under these conditions, eight protein complexes could be
resolved on 1-D BN-PAGE gels (Fig. 2).Fig. 3. Two-dimensional resolution of protein complexes of Scenedesmus obliquus b
15/1 (lane 4 in Fig. 1). Gels were Coomassie coloidal-stained. Identities of protein cAll protein complexes separated by the first native dimen-
sion were directly transferred and analyzed in the second
dimension by denaturing Tricine SDS-PAGE [31]. An almost
regular distribution of proteins derived from complexes and
supercomplexes from the first dimension was revealed,
accompanied by protein subunits of the thylakoid membranes
distributed by their distinct molecular masses in the second
dimension. Specifically, a protein pattern in the 2-D gel was
seen in which it was possible to recognize vertically separated
lanes. Staining of acrylamide gels after 2-D-BN/Tricine SDS-
PAGE by colloidal Coomassie staining revealed more than 60
spots (Fig. 3).
In order to identify subunits related to protein complexes,
visible spots were cut out of the Tricine SDS-PAGE, digested
with trypsin, and analyzed, either byMALDI-TOF, or by internal
peptide sequencing (using mainly ESI-MS/MS). Tryptic diges-
tion of proteins leads to peptides of different length and
abundance depending on the distribution of the corresponding
tryptic cleavage sites (arginine and lysine). Many proteins were
identified by PMF using MALDI-TOF. This technique allowed
us to identifymost of the spots. It failed in those caseswhere a low
number of peptides were obtained, or when the spot contained
high amounts of Coomasie blue. We overcame this limitation by
performing internal peptide sequencing using ESI-MS/MS. Thus,
it was only possible to detect a limited number of peptides from
these highly hydrophobic proteins compared to the number of
peptides predicted by in silico analysis. A total of approximately
59 spots were analyzed, out of which 38 different gene products
were identified by PMF and MS/MS. Table 1 lists the proteins
that were identified by MS. The identified proteins belong toy BN/Tricine-SDS-PAGE. Proteins were solubilized using a ratio of DM/Chl of
omplexes are given above the gels.
Table 1
Identification of thylakoid proteins by combination of BN and Tricine-SDS PAGE
Accession
number/gene
Protein Protein
MW (Da)
GRAVY Sequence
coverage
(%)
Nr of peptides
identified by
MALDI-TOF MS
Nr of peptides
identified by
ESI-MS/MS
Mascot
score
Q1KVU7/orf219 Putative site-specific DNA endonuclease 28565 −0.948 27 4 – 19
Q1KVX7/rps3 Ribosomal protein S3 81957 −0.630 6 3 – 15
Q1KVW5/atpE CF1 epsilon subunit of ATP synthase 15944 −0.228 44 5 – 27
Q1KVX4/rpoBa Beta subunit of RNA polymerase fragment a 86734 −0.395 8 5 – 17
Q1KVX8/rpoC2 Beta subunit of RNA polymerase 301558 −0.499 6 12 – 24
Q1KVU0/atpA CF1 alpha subunit of ATP synthase 55735 −0.026 42 19 – 129
Q1KVR1/rpl14 Ribosomal protein L14 13296 −0.014 49 5 – 23
CB21_CUCSA Chlorophyll a/b binding protein of LHCII type I 27003 −0.073 20 – 7 474
CB2_CHLMO Chlorophyll a/b binding protein of LHCII type I 27003 0.030 17 – 7 205
CB2_CHLRE Chlorophyll a/b binding protein of LHCII type I 27003 −0.097 13 – 5 136
Q1KVT6/rpl23 Ribosomal protein L23 13627 −0.371 39 5 – 34
Q1KVY2/psbC CP43 chlorophyll apoprotein of photosystem II 53202 0.168 30 14 – 65
Q1KVQ7/orf221 Putative site-specific DNA endonuclease 28600 −0.525 16 5 – 23
Q1KVQ8/orf167 Putative site-specific DNA endonuclease 22020 −0.164 25 3 – 15
Q1KVV9/rps2a Ribosomal protein S2 fragment a 61331 −0.294 16 9 – 30
Q1KVS9/tufA Translational elongation factor Tu 46761 −0.222 17 5 – 21
Q1KVV8/rps2b Ribosomal protein S2 fragment b 44867 −0.481 18 6 – 18
Q1KVT7/rpl2 Ribosomal protein L2 30759 −0.621 12 4 – 29
Q1KVV6/psbB CP47 chlorophyll apoprotein of photosystem II 58664 0.171 31 23 – 159
Q1KVS1/petA Apocytochrome f of cytochrome b6f complex 37641 −0.136 40 10 – 70
Q1KVW6/psbD D2 reaction center protein of photosystem II 42341 0.324 26 11 – 72
Q1KVW2/chlB ChlB subunit of protochlorophyllide reductase 63534 −0.259 16 5 – 17
Q1KVT2/petB Apocytochrome b6 of cytochrome b6f complex 26780 0.593 22 5 – 32
Q1KVR0/rpl16 Ribosomal protein L16 15805 −0.496 27 2 – 23
Q1KVR5/psbE Cytochrome b559 alpha subunit of photosystem II 11737 −0.041 17 5 – 48
Q1KVT0/atpB CF1 beta subunit of ATP synthase 52878 0.038 39 19 – 120
Q1KVT3/rpoC1 Beta' subunit of RNA polymerase 183759 −0.465 7 11 – 24
Q1KVY3/psaA P700 apoprotein A1 of photosystem I 84391 0.189 11 8 – 27
Q1KVY1/atpF CF0 subunit I of ATP synthase 21454 −0.249 24 3 – 17
Q1KVR7/ycf4 Hypothetical chloroplast RF4 24772 0.062 16 3 – 19
Q1KVR3/rps8 Ribosomal protein S8 15303 −0.055 17 2 – 14
Q1KVW1/psaC Subunit VII of photosystem I 10436 0.017 57 5 – 50
Q1KVX6/chlN ChlN subunit of protochlorophyllide reductase 67130 −0.291 10 4 – 10
Q1KVU6/orf264 Putative site-specific DNA endonuclease 32586 −0.642 25 5 – 20
Q1KVV1/rps11 Ribosomal protein S11 14528 −0.462 34 3 – 17
Q1KVX9/ftsH Cell division protease 434846 −0.555 7 18 – 15
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synthetic apparatus), protein synthesis, and DNA metabolism.
Fig. 3 shows all the spots identified in the SDS-PAGE. The
heavier bands (I, II) represent protein complexes involved in
protein synthesis and degradation. Lane III contains two
subunits of PSI, one subunit of the ATPase complex, and
enzyme subunits of the DNA metabolism confirming that the
494-kDa band observed in the first dimension is prevalently
populated by supercomplexes of PSI. The middle lane contains,
for the most part, proteins involved in energy transduction in the
chloroplast. The atpA and B subunits of the ATPase were
identified from a complex with a molecular weight of 320 kDa.
Based on the same intensity, the obtained ATPase subunit
clearly forms the α3β3 soluble part of the ATPase complex.
Furthermore, close to these subunits, the PsaA subunit of the
PSI was also obtained which represent the PSI monomer form.
PSII was observed as a complex with the molecular weight of
320 and 250 kDa. While the first is close to the monomer form,
the other should represent a PSII subcomplex. Between both
PSII forms, the proteins of the cytochrome b6f complex wereidentified as having a molecular weight of 310 kDa close to that
of the dimer form. The identification of LhcII proteins, present
in complex VII and VI, corresponds to the monomeric and
trimeric state of PSII light harvesting proteins. Furthermore, the
light harvesting proteins do not form a supracomplex with PSII
under the applied solubilization conditions.
Finally, the buffer front of the native PAGE yielded the
hydrophilic proteins, or proteins containing no transmembrane
domain(s), which escaped from the complexes during solubi-
lization. The latter, like the gene products of atpE, or the gene
products of atpB, are derived from ATPase I. In contrast, the
PsaC gene product from PSI, which also lacks the transmem-
brane domains, remained bound to the PSI complex. Thus, most
spots were identified and most of the expected proteins were
found, with the exception of small proteins (under 8–10 kDa) of
which only PsbE (4.4 kDa) was identified. It is noticeable that
small proteins are rarely detected when using tryptic digestion
(Tables 1 and 2).
Additional to the thylakoid proteins, two other proteins,
namely, the ChlN and ChlB gene products (subunits of the light
Table 2
Protein and chlorophyll contents of the isolated bands from the sucrose density
gradient
Band Chla (μg) Chlb (μg) Chl(a+b) (μg) Chla/Chlb Chl/protein
1 98.52 60.08 158.60 1.64 0.08
2 12.01 5.60 17.61 2.14 0.26
3 14.68 4.70 19.38 3.12 0.88
4 12.06 6.10 18.16 1.98 0.08
A total amount of 240 μg Chl had been loaded.
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involved in the chlorophyll synthesis, were identified. Further
proteins involved in DNA metabolism and protein synthesis
have been identified in the thylakoid membrane extracts.
For further functional and structural characterization, the
solubilized complexes were fractioned using sucrose density
gradient centrifugation. Four Chl-containing fractions were
resolved on a sucrose density gradient after centrifugation of
solubilized membranes (fractions 1–4, Fig. 4A). Starting with
240 μg chlorophyll, fraction 1 in the upper part of the gradient
contained 68% of total chlorophyll content, the remainder was
found in fractions 2–4 in almost equal amounts. Room
temperature absorption spectra of the fractions are shown in
Fig. 4B. Fraction 1 exhibited additional absorption maxima at
486 nm and 645 nm indicating the presence of Chlb, while
fractions 2, 3 and 4 lacked significant absorbance around 486
and 645 nm indicating that the Chlb contents of these fractions
was lower (Fig. 4B).
For further characterization of the Chl–protein complexes
separated by sucrose density gradient, BN-PAGE was applied toFig. 4. Protein analysis of different pigment–protein complexes, from thylakoid me
Sucrose density gradient centrifugation of thylakoid membranes from Scenedesmus
linear 0–1 M sucrose gradient. (B) Room temperature absorption spectra of the sucro
bands. Lane 1, markers; lanes 2–5, fractions 1–4 from the sucrose density gradient.each fraction. Samples were supplemented with Coomassie-
dyes as described in Materials and methods, and, subsequently,
analysed on native polyacrylamide gels. Fraction 1 contains the
complexes VI and VII, which represent the monomeric and
oligomeric form of LHCII. Furthermore, fractions 2, 3 and 4
contain the complexes I–IV, which contain the other photo-
synthetic complexes (PSI, PSII, Cytb6f, ATPase).
We investigated the structures and behavior of the membrane
protein complexes of the different Chl-containing bands
isolated from the sucrose density gradient in the aqueous
environment. The stability of the protein gradients has been
monitored by the DLS technique, which provides an accurate
measurement of average size and size distribution of particles
suspended in the solution.
The DLS experimental correlation functions were treated in
the homodyne limit. Fig. 5 shows experimental correlation
functions for fraction 1 at different scattering angles accom-
panied by the distributions of the experimental correlation
functions. This analysis revealed a fast and a slow relaxation
mode. Both modes are diffusive since the characteristic
relaxation rates Γ (Γ=1/τ) depend linearly on q2 (see Fig. 6).
From the characteristic relaxation rates, one can obtain the
translational diffusion coefficient D (D=Γ/q2), and, hence, the
equivalent hydrodynamic radius Rh using the Stokes–Einstein
equation for a sphere:
Rh ¼ kBT6pg0D
where η0 is the solvent shear viscosity and kB is the Boltzmann
constant at the absolute temperature T. At infinite dilution, allmbranes of Scenedesmus obliquus, separated by sucrose density gradient. (A)
obliquus. Thylakoid membranes were solubilized with DM and separated in a
se density gradient fractions. (C) BN-PAGE analysis of the four sucrose gradient
Fig. 5. Experimental correlation functions for band 1 at different scattering angles accompanied by the distributions of the experimental correlation functions.
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value from which the hydrodynamic radius is calculated using
the above Stokes–Einstein equation (Table 3). In addition, we
detected the existence of supramolecular structures that became
obvious through the simultaneous appearance of small angle
excess scattering in the static light scattering plot. In the static
light scattering Ornstein–Zernicke plot (Fig. 7), the inverse ofFig. 6. The angular dependence of the diffusion data yields the linear
dependence of the characteristic fast and slow relaxation rates Γf,s (Γf,s=1/τf,s)
on q2. The slope of the linear fit to the data gives the diffusion coefficient which
is related to the hydrodynamic radius Rf of the fast diffusion process.the scattering intensity varies linearly with the square of the
scattering wave vector characteristic. The value of the ratio Rg/
Rh is very near the theoretical range of 1.7 to 2.0 indicating that
the shape of the protein complex is a random coil. The
simultaneous presence of, at least, two different structures of
different sizes, ranging from 170 nm to 3 nm is evident from
Fig. 5.
4. Discussion
The Chl-containing protein complexes were isolated from
the thylakoid membranes of the unicellular green alga S.
obliquus in order to be characterized in terms of their function
and structural identities. To achieve this aim, a comparative
approach was used including a number of biochemical and
proteomic techniques.
The determination of the oligomeric state of membrane
proteins has proven to be difficult because of their tendency to
aggregate when isolated from the native membrane environ-
ment. Moreover, the binding of detergents to the hydrophobic
surfaces adds greatly to the total protein mass. We have assessed
the usefulness of BN-PAGE in the analysis of the quaternary
structure of membrane proteins by comparing its results with
static and DLS.
Membrane proteins require detergents for their extraction
from membranes and for solubilization. The initial step involvesTable 3
The hydrodynamic radius of bands 1 through 4 for both fast and slow
relaxational processes
Sample Rh (fast) Rh (slow)
a
Band 1 4.0±0.1 124
Band 2 6.8±0.1 136
Band 3 7.0±0.2 118
Band 4 7.3±0.1 131
a The average error is ±5 nm.
Fig. 7. Static light scattering Ornstein–Zernicke plot of the inverse of the
scattering intensity versus the square of the scattering wave vector for band 1.
Here the intensity of the scattered light is used for the estimation of the radius of
gyration Rg.
2278 K. Kantzilakis et al. / Biochimica et Biophysica Acta 1768 (2007) 2271–2279the extraction of native membrane protein complexes. To
accomplish this task, thylakoid membranes were solubilized
with DM. The method described in Materials and methods
yielded intact membrane protein complexes when using DM in
a ratio of DM/protein of 15; this ratio is in accord with ratios
reported earlier [9,30]. Experiments with lower and higher
ratios led to the disappearance of membrane protein complexes
(Fig. 2).
Native gel electrophoresis makes use of the internal charge
of molecules. However, the separation of hydrophobic
proteins gives only poor results on native gel systems unless
external charge is added to protein, or protein complexes,
prior to electrophoresis. BN-PAGE is carried out in the
absence of an ionic detergent and charge shifts on proteins are
introduced by incubation with Coomassie dyes before
electrophoresis. BN-PAGE is a very gentle procedure. Release
of chlorophyll was not observed during solubilization. The
absence of chlorophylls in the upper region of the sucrose
density gradient underlines the mild nature of the solubiliza-
tion conditions. However, release of pigments during electro-
phoresis might be invisible because the “free pigment
fraction” is overlaid by the Coomassie-blue dye front. The
resolved protein complexes remain intact, as judged from their
subunit compositions on 2-DE gels. However, the light-
harvesting complex II are detached from the Photosystem II.
The CP43 (PsbC) subunit of the Photosystem II proteins is
partly dissected. This correlates with the previously reported
finding that the CP43 subunit can be separated from the core
complex of Photosystem II [32].
BN-PAGE is a very reliable method for the determination of
molecular mass for proteins or protein complexes [33]. The
molecular mass of the Photosystem I was reported to be about
340 kDa [34]. On the blue-native gels the protein complex is
dissociated of the light-harvesting complex I and runs at about
494 kDa and 320 kDa. Photosystem II runs at 320 kDa, which is
in line with the values previously reported for this protein
complex [35]. The cytochrome b6f complex is dimeric [15] and
has an apparent molecular mass of about 300 kDa. Also themolecular mass of the ATP synthase, as determined by BN-
PAGE, is in accordance with the values previously reported for
this enzyme [36]. Further, more than 20% of the identified
proteins belong to gene products involved in DNA/RNA
metabolism, protein synthesis and protein degradation. The
observation of ftsH protease which has been identified in highly
purified cyanobacterial PSII complexes supports the close
association of this proteins to the thylakoid membranes [37].
In the present work, we used Light Scattering to study the
molecular size of Chl-containing membrane protein complexes
from the thylakoid membranes of S. obliquus. The mean
intensity of the light scattered by a solution of macromolecules
contains information on the molecular weight of the macro-
molecules. On the other hand, the intensity of the scattered light
continuously fluctuates around a mean value due to the
Brownian movement of the macromolecules. The DLS
experiments make use of the fact that the time dependence of
these fluctuations can be related to the translational diffusion
coefficient of the macromolecules. DLS undertaken on diluted
solutions of solubilized chlorophyll complexes has been used to
determine the diffusion coefficients. The estimated Rh were
correlated with the radius obtained by electron microscopy and
X-ray structural analysis of the different Chl-complexes
[4,35,38–41]. The radius of 4.0 nm for fraction 1, as the
observed molecular weight by BN, is in agreement with the
radius and mass of trimeric LHCII. Further, the Rhs of the other
fractions indicate the presence of PSI and PSII complexes
without LHCII complexes and are in agreement with our
proteome analysis.
The Chl-containing membrane protein complexes were
solubilized in DM and sucrose density centrifugation has been
used for the subfractionation of the complexes. DLS experi-
ments revealed two relaxation modes. The faster one is related
to the diffusion dynamics of the solubilized single membrane
protein complex (Table 3). Our data from static and DLS
experiments also show the presence of supramolecular
structures in solution. As can be inferred to from Table 3, the
hydrodynamic diameter of the large protein complexes slowly
decreases reaching a value of about 130 nm. Since the scattering
intensity is proportional to the mass of an aggregate squared, the
large protein complexes may thus contribute significantly to the
scattering even though their concentration is small. It is this
high sensitivity of Light Scattering to large particles that makes
the method particularly important for studying aggregation
processes.
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